Mild thermolysis of tert-butyl alkynyl ethers furnishes aldoketenes, which undergo facile [2 þ 2] cycloaddition reactions with pendant di-and trisubstituted alkenes. A wide variety of cis-fused cyclobutanones are produced in moderate to high diastereoselectivity and good to excellent yields by this method, and free hydroxyl groups are tolerated in the ene-ynol ether starting materials. Enol-ynol ethers also undergo efficient reaction to produce donorÀacceptor cyclobutanes in high yields.
Cyclobutanones are useful starting materials for organic synthesis, since they are an excellent source of cyclopentanones (by one-carbon ring expansion), γ-butyrolactones (by peracid oxidation), and butyrolactams (by Beckmann rearrangement), moieties that form the core of numerous natural products. 1 The efficient preparation of substituted cyclobutanones is thus an important area of current synthetic methods research.
Cyclobutanones have been most frequently prepared by the cycloaddition of ketenes or ketiminium salts with olefins.
2 The intramolecular variant of this process, which gives rise to fused cyclobutanones, has been previously studied by the groups of Marko, 3 Snider, 4 and Brady. 5 The ketene intermediates utilized for the [2 þ 2] cycloaddition are most frequently generated from the corresponding acid chlorides by treatment with NEt 3 at elevated temperatures. The use of moisture-sensitive and/or unstable acid chlorides may constitute a drawback of this method, as well as the necessity of employing triethylamine at high temperatures for base-sensitive substrates.
Ynol ethers possess significant potential in organic chemistry for the formation of carbonÀcarbon bonds. 6, 7 The pioneering studies of Ficini 8 and Arens 9 have shown that ethoxyacetylenes extrude ethylene gas at temperatures in excess of 100°C, and the resulting ketenes undergo dimerization reactions or can be trapped by nucleophiles to form carboxylic acid derivatives. Significantly, tertbutyl alkynyl ethers undergo the retro-ene reaction with liberation of isobutylene gas at much lower temperatures (>50°C), 6a and this process has been utilized recently by MaGee, 10 Magriotis, 11 Funk, 12 and Danheiser 13 for the preparation of lactones, lactams, amides, and cyclic imides. We were interested in exploring the utility of tert-butyl alkynyl ethers as ketene precursors for [2 þ 2] cycloaddition reactions with alkenes, and in this Letter we report the successful application of this strategy to the synthesis of diverse cyclobutanones.
Following the protocol of Danheiser et al., 13 treatment of 1,2-dichlorovinyl tert-butyl ether 1 (Scheme 1) with 2.0 equiv of n-BuLi in THF at À78°C, followed by addition of hexanal and warming to room temperature, furnished alkynyl ether 2a in 78% yield. Reaction of 2a with methallyl mesylate in the presence of sodium hydride (THF, 0°Cfrt) then provided enyne test substrate 3a in 95% yield. Heating a 0.01 M toluene solution of 3a for 2 h at 90°C under argon led to the production of cyclobutanone 4a in 85% yield as a 3:1 mixture of diastereomers. It should be noted that attempting this process using the corresponding ethyl alkynyl ether (prepared from commercially available ethoxyacetylene), which required heating the substrate in excess of 120°C to achieve starting material conversion, led to none of the desired cyclobutanones 4, furnishing instead a complex mixture of UV-active products.
To explore the scope of this process, substrates 3bÀ3g (Table 1) were prepared in a similar fashion (see Supporting Information) and subjected to heating in toluene for 1À3 h. A variety of cyclobutanone-fused carbo-and heterocyclic ring systems were formed in good to excellent yields, and high diastereoselectivities were obtained for substrates bearing sterically demanding X-substituents (such as i-Pr and t-Bu, entries 3À5). Interestingly, the lowest diastereoselectivities (∼1:1) were observed for substrates possessing silyl ether groups at C.5 (entries 6 and 7). Crosspeaks observed in the NOESY spectrum of cyclobutanone 4b (Figure 1 and Supporting Information) indicate that the major diastereomer formed in these reactions possesses the 2,3-syn, 2,5-syn stereochemistry, in accord with literature precedent for similar ketene-olefin cycloadditions.
14 The observed stereochemistry likely arises from a substrate conformer in which the C.5 substituent adopts a pseudoequatorial position in the transition state for [2 þ 2] cycloaddition.
During our studies we discovered that employing aromatic aldehydes for the generation of enyne substrates in the above protocol proved troublesome. While addition of tert-butoxyethynyllithium to benzaldehyde proceeded uneventfully, all attempts to install the methallyl ether moiety by base-promoted S N 2 reaction led to extensive substrate Scheme 1. Synthesis of Ene-Ynol Ether 3a and Thermal Transformation to Cyclobutanone 4a Ultimately it was found that enyne alcohol 2h could be protected as its ethoxymethyl acetal in high yield by treatment with chloromethyl ethyl ether and excess DIEA in CH 2 Cl 2 at room temperature for 2 h. The obtained acetal (3h) was a suitable substrate for the retro-ene/ cycloaddition reaction, giving rise to cyclobutanone 4h (R = CH 2 OEt) in 70% yield and 2:1 diastereoselectivity upon heating at 90°C in toluene for 2 h. Interestingly, it was also found that heating unprotected benzylic alcohol 2h under our standard conditions gave rise to cyclobutanone 4h (R = H) in 45% yield but with >20:1 diastereoselectivity. The dramatically increased stereoselectivity for this substrate relative to enynes bearing protected alcohols (3h, 3f, and 3g) is perhaps indicative of the existence of an interaction between the hydroxyl proton and the π-system of either the ketene or alkene in the transition state for [2 þ 2] cycloaddition. The successful cyclization of a substrate bearing an unprotected alcohol represents an advantage of this method over other procedures for ketene generation involving acid chlorides, since clearly unprotected alcohols in such substrates would be highly prone to inter-/intramolecular esterification reactions under basic conditions. Efforts to improve the yield of cyclobutanone formation for enynes bearing unprotected alcohols are underway, as well as an analysis of the scope and origins of the high stereoselectivity of this process. In line with Marko's observation 3 that increasing the tether length between alkene and ketene suppresses cycloaddition, thermolysis of the homologous ene-ynol ether 3i 17 under our standard conditions gave negligible amounts of cyclobutanone products.
To broaden the substrate scope of this process, alternative approaches to the enyne cyclization substrates were next investigated. The nucleophilic substitution reaction of appropriate alkyl halides with tert-butoxyethynyllithium in THF/HMPA 18 furnished enynes 3j and 3m. Reaction of 1 with n-BuLi, followed by treatment with excess paraformaldehyde, gives rise to 3-tert-butoxyprop-2-yn-1-ol, which was not purified but rather directly combined with appropriate allylic methanesulfonates under basic conditions to give rise to enynes 3kÀl and 3nÀo (Scheme 3).
As can be seen in Table 2 , whereas enyne substrate 3j bearing a floppy carbon tether between the alkynyl ether and alkene moieties gave negligible amounts of 4j under standard reaction conditions (entry 1), substrates with tethers containing an oxygen atom (3k, 3l, 3n, 3o, entries 2, 3, 5, 6) or unsaturated carbon atoms (3m, entry 4) gave good yields of cyclobutanone products. The use of trisub- stituted alkenes is also well tolerated, allowing the preparation of fused tricyclic compounds 4n and 4o.
Finally, we wished to examine the feasibility of preparing donorÀacceptor cyclobutanes utilizing this protocol. Substrate ynol-enol ethers 3pÀ3t were prepared 19 by the above-mentioned protocols (see Supporting Information) and heated in toluene solution at 90°C for 2 h to provide cyclobutanones 4pÀ4t cleanly and in high yields (Table 3) . In comparison to the methyl-substituted cyclobutanones 4b, 4d, and 4h, slightly diminished diastereoselectivities were observed in the formation of cyclobutanones 4p, 4q, and 4t, which is likely due to the decreased steric requirements of the ether substituent in the transition state for [2 þ 2] cycloaddition. Again, the NOESY spectrum of cycloadduct 4p confirmed the 2,3-syn, 2,5-syn stereochemistry for these substrates. Although cyclobutanones 4pÀt proved to be quite sensitive to Bronsted and Lewis acids, 20 compound 4q could be smoothly transformed into lactone 5q in 92% yield by an MCPBA-mediated BaeyerÀVilliger reaction (Scheme 4).
In summary, we have shown that ynol ether-alkenes and enol-ynol ethers produce the corresponding cyclobutanones under mild, neutral conditions in good to excellent yields and diastereoselectivities. Notably, substrates bearing unprotected hydroxyl groups are also tolerated in this protocol. Investigation of the Lewis acid promoted cycloaddition and ring expansion reactions of the donorÀacceptor cyclobutanes available by this protocol is currently underway and will be reported in due course.
